Abstract. In this paper we use the Cross Correlation analysis method in conjunction with the Empirical Mode Decomposition to analyze foF2 signals collected from Rome, Athens and San Vito ionospheric stations, in order to verify the existence of seismo-ionospheric precursors prior to M=6.3 L'Aquila earthquake in Italy. The adaptive nature of EMD allows for removing the geophysical noise from the foF2 signals, and then to calculate the correlation coefficient between them. According to the cross correlation coefficient theory, we expect the stations which located inside the earthquake preparation area, as evaluated using Dobrovolsky equation, to capture the ionospheric disturbances generated by the seismic event. On the other hand the stations outside of this area are expected to remain unaffected. The results of our study are in accordance with the theoretical model, evidencing ionospheric modification prior to L'Aquila earthquake in a certain area around the epicenter. However, it was found that the selection of stations at the limits of the theoretically estimated earthquake preparation area is not the best choice when the cross correlation method is applied, since the modification of the ionosphere over these stations may not be enough for the ionospheric precursors to appear. Our experimental results also show that when a seismic event constitutes the main shock after a series of pre-seismic activity, precursors may appear as early as 22 days prior to the event.
Introduction
It is well known that earthquake activity contributes to ionospheric variability. Extensive studies in this field (Pulinets, 1997 (Pulinets, , 2004 Liperovsky et al., 2000; Ouzounov and Freund, 2001 ; Kouris et al., 2001; Molchanov et al., 2004;  Correspondence to: G. S. Tsolis (strantis@gmail.gr) Namgaladze et al., 2009) , all point to the conclusion that the Earth's lithosphere interacts with the atmosphere prior to a strong seismic event, resulting in the generation of an anomalous electric field that affects the electron content of the ionosphere. However, the seismo-ionospheric interaction is considered a local event, meaning that only a certain area over the ground is affected by the earthquake, and its size is a function of the magnitude of the event. On the contrary solar activity, which is the primary contributor to ionospheric variability, affects the ionosphere as a whole, producing more global effects compared to the localized phenomena of seismo-ionospheric coupling. A real challenge here is how to distinguish between the seismic-generated foF2 fluctuations and the fluctuations attributed to solar activity. The problem becomes even more complicated when other smaller magnitude disturbances of undefined origin appear in the foF2 signal, which are known as geophysical or ionospheric noise (Davies, 1990; Kouris et al., 2001) .
In this paper we continue a previous study of earthquakeoriented ionospheric disturbances, using the Cross Correlation method supplemented by the Empirical Mode Decomposition method, (Tsolis and Xenos, 2009 ). The model is tested here using the 6 April 2009, L'Aquila M=6.3 earthquake in Italy as the case study, which was a devastating event that left 297 people dead, 1000 more injured and about 66 000 homeless.
Cross correlation-EMD method
The method used in this study is a combination of the Cross Correlation Analysis method proposed by Pulinets , and the Empirical Mode Decomposition proposed by Huang (Huang et al., 1998 (Huang et al., , 2005 . The Cross Correlation method is just a correlation coefficient calculation of the foF2 measurements from a station that it is located within the earthquake preparation area, compared with a similar foF2 signal from an ionospheric station located outside Published by Copernicus Publications on behalf of the European Geosciences Union. the preparation area. The idea is that when the two stations are located relatively close together, solar activity-oriented disturbances will affect each station's foF2 measurements in the same way, and therefore the cross correlation coefficient is expected to be high in the absence of a seismic event. On the other hand, when a seismic event occurs in the vicinity of one of the two stations, the cross correlation coefficient drops, since the measurements from the station inside the earthquake preparation area are the only ones affected. However, the selection of the two stations requires careful consideration, as the distance between them must ensure that they are both equally subject to the same solar activity ionospheric disturbances, maintaining at the same time consistency with the in and out requirements of the earthquake preparation area for the seismo-ionospheric precursors to appear. More detailed information about the cross correlation analysis can be found in Pulinets (2004) and Tsolis and Xenos (2009) .
The second part of the technique requires denoising the foF2 signals collected from the two stations using Empirical Mode Decomposition (EMD), an adaptive method for processing non-linear and non-stationary signals. EMD basically decomposes a real signal into its functional components, which are known as Intrinsic Mode Functions (IMF). This process derives information about the decomposition of the signal itself, without the requirement for a predefined basis, as do similar methods (i.e., wavelets). This means that the decomposition is driven itself and there are no a-priori decisions that may affect the final result.
A typical decomposition of a real signal using EMD results in a filter bank wavelet-like breakdown of the signal having a higher to lower frequencies hierarchy, (Flandrin et al., 2004a, b) . Since the decomposition is executed in the time domain without losing time resolution as the order of scale increases, the initial signal can be reconstructed perfectly by just adding together the IMFs. This is actually the property that allows for an adaptive denoising of a noisy signal. In other words, the noisy components being captured by the higher order IMFs, are left out during the reconstruction, and only the IMFs that contain the signal energy are added to form the denoised signal. (For the interested reader a thorough analysis of the Hilbert-Huang transform is provided in Huang, 1998 , and also in Huang et al., 2005.) 
Data analysis
The L'Aquila earthquake occurred on Monday, 6 April 2009 at 01:32:39 UTC. The exact coordinates of the event were 42.334 • N-013.334 • E, which correspond to a point 85 km northeast of Rome. This earthquake was the main shock of a series of pre-seismic events, which started in February and continued through March 2009. The earthquake preparation area is calculated as 511 km according to the Dobrovolsky equation (Dobrovolsky et al., 1979; Pulinets et al., 2004) 
where M is the magnitude of the earthquake and r is the size of the area in km.
In an effort to increase the validity of the results of this study, we used data from three ionospheric stations, all of which were selected to ensure that their data was affected in a similar fashion by the solar activity-related phenomena. At the same time, the selection of the stations was such that the two, namely the Rome and San Vito stations, were located inside the earthquake preparation area, whereas the third, the Athens station, was located outside of it. Unfortunately the Gibilmana ionospheric station, which also fulfils the above spatial requirements, was inoperable during the time frame of interest, and therefore was unable to contribute to this study. According to the correlation coefficient theory we expect the Rome and San Vito measurements to show the disturbances caused by the earthquake, whereas the Athens measurements should be unaffected. Following this line of reasoning, the cross correlation coefficient of the Rome and San Vito signals is expected to be high, in contrast to the correlation coefficient of either station's readings with the Athens measurements.
The foF2 signals used were one-hour sample measurements from 10 March to 13 April 2009. This corresponds to a timeframe of 35 days, of which 27 days were prior to the event and 7 days were after the event. The data were downloaded from both the Space Physics Interactive Data Resource (SPIDR) and the Digital Ionogram (DIB) databases. Geophysical noise was removed from the signals using EMD, and then their denoised versions were used for the calculation of the respective correlation coefficients.
Results and discussion
The three stations used are shown in the map in Fig. 1 , together with the earthquake preparation area, which is plotted in red. As we see the San Vito station is located inside the circle but its distance from the edge of the area is about 100 km. In Fig. 2 the plot of the correlation coefficient between Rome-Athens, Rome-San Vito and San Vito-Athens, is presented. As shown, the cross correlation coefficient between Rome and Athens drops abruptly and takes the value of 0.27 on 16 March 2009, 22 days prior to the event. After that it stays greater than 0.8, until 2 days prior to the event, and then it drops again to 0.72. Moreover the coefficient falls even further to 0.7 on the day of the event, and after that it climbs back to values greater than 0.8. The correlation coefficient between Rome and San Vito follows a very similar pattern, meaning that during the entire timeframe of interest it takes values greater than 0.9, and only drops to 0.58 on 16 March, and again one day prior to the event. Similar to the Rome-Athens correlation coefficient, it also decreases on the day of the event. Finally, the cross correlation coefficient between San Vito and Athens remains high throughout, staying greater than 0.84.
Analyzing the above results we can make the following observations. First, we see that the ionosphere over Rome was disturbed by a strictly local event, due to the fact that its correlation coefficient with any of the other two stations follows a very similar pattern, with distinguishable drops on the exact same days. This statement is also verified by noticing the cross correlation coefficient between San Vito and Athens, which is relatively high during the entire timeframe of interest, and remains greater than 0.84. Therefore, we conclude that the ionosphere over those two stations was unaffected by local phenomena during this period. Here we see that the experimental results verify an almost intuitive observation, meaning that we expected Rome to be affected by the earthquake, since it is located only 85 km from the event's epicenter.
Next, and coming as a relative surprise, is the fact that the San Vito station, although located inside the earthquake preparation area, behaves like it is outside of it. Specifically the fact that Rome-San Vito correlation coefficient does not stay high, means that the ionosphere over Rome was different than the ionosphere over San Vito during the examined time frame. The first possible explanation for this is that the area occupied by the anomalous electric field that produces the electron content variations of the ionosphere is not exactly a circle as the Dobrovolsky equation predicts. Therefore, any variation from the perfect circular shape will result in an area "squeezed" or "expanded" depending on the bearing from the epicenter. In a situation like this, it is logical to assume that a station very close to the circumference of the circle, which corresponds to the theoretical estimation of the earthquake preparation area, may either detect or not the earthquake. This phenomenon was also reported by Pulinets and attributed to the complex distribution of the anomalous electric field as it penetrates the ionosphere (Pulinets, 2004 ).
An interesting subject of research here would be the examination of how the ground morphology, impacts the propagation of the anomalous electric field generated prior to an earthquake, considering the fact that very high mountains exist in the area in between L'Aquila and San Vito. In other words, the mountainous terrain may be responsible for the lower intensity electric field over San Vito, compared to the theoretically expected, which subsequently was incapable to affect significantly the foF2 measurements of the area. However, this assumption has to be validated by further analysis, supplemented by geomagnetic, geographical and geological data, and is beyond the scope of this paper.
Nevertheless, and in spite of the fact that the San Vito station did not feel the event, the foF2 measurements over San Vito appear more similar to the Rome foF2 measurements than the Athens readings, judging by the fact that the correlation coefficient values between Rome-San Vito are always lower than the equivalent values between Rome and Athens. This observation leads to the conclusion that the ionosphere over San Vito was affected by the event, but the fluctuations in foF2 were significantly smaller than those over Rome which was located very close to the epicenter. In any case the above result clearly shows that a selection of a station at the limits of the theoretical estimated earthquake preparation area is not the ideal choice when we apply the aforementioned theoretical model.
The last observation we make is that 16 March disturbance in the Rome ionosphere corresponds to a precursor 22 days prior to the event, something that is not typical for seismoionospheric preqursors. Indeed related studies report that ionospheric precursors appear during a timeframe from 1-12 days prior to 1-2 days after the seismic event. The most reasonable explanation for this comes directly from the hypothesis of the geochemical processes that take place prior to and during an earthquake and are responsible for the nearground ionospheric plasma formation, and finally generate an anomalous electric field. Specifically, we assume that if those processes are in place and are so intense as to affect the ionospheric electron content, a relative strong seismic event is imminent. Therefore, a period of 12 days is about the maximum we expect for the precursors of a single event taking into account the experimental results gathered thus far. However, the L'Aquila case can be considered special due to the fact that a series of pre-seismic events from the same epicenter were reported from February 2009 up to the date of the main shock. Despite the fact that the magnitude of these events was below the acceptable limit to affect the ionosphere (Pulinets, 2004; Tsolis and Xenos, 2009 ), the cumulative result of each one's effect can justify the disturbance of the ionosphere, which finally explains the appearance of a precursor so far in advance of the main event. In other words, what we see on 16 March should not be considered a precursor of a single event on 6 April, but rather as an indication of an already disturbed ionosphere due to the series of smaller seismic events occurring at the same area. Yet, could this justify a so intense drop of the correlation between Rome and Athens, much more evident than the ones of the main event itself, and certainly disproportional to the magnitude of the earthquake? During our previous work we faced a similar situation where a precursor appeared 17 days prior to a strong 6.2 event. Since also in this case a number of smaller earthquakes occurred in the same area prior to the main event, we conclude that this correlation coefficient drop can be characterized as ionospheric precursor.
Conclusions
In this study we applied the Cross-Correlation Coefficient method combined with Empirical Mode Decomposition, in the analysis of the devastating L'Aquila earthquake in Italy. In order to achieve more qualitative results we used foF2 data from three different ionopsheric stations, namely Rome, San Vito and Athens. The foF2 signals were pre-processed using EMD to remove any geophysical noise, and then the cross correlation coefficient was calculated. The results of our study are summarized as follows.
1. The Rome station measurements were affected by the earthquake, producing precursors 22 days, 2 days, and 1 day prior to the event.
2. The experimental results show that the ionosphere over a station located close to the border defined by the theoretical estimated earthquake preparation area, may not be affected adequately by the event, for the seismoionospheric precursors to appear.
3. When a series of intense seismic activities prior to the main shock is reported, precursors may appear more than 12 days prior to the event, which exceeds the maximum time frame reported so far regarding the appearance of seismo-ionospheric precursors.
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